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SUMMARY 


The Thruster Attitude Control System (TAGS) had A usable 
capability at propellant loading of 376,996 N-sec (HA, 7 52 IW 
During the Skylab- mission, 340,311 N-sce (76,303 Ibf^see) w©' 
or approximately 133,447 N-see (30,000 Ibf-see) more than the 
promiasion prediction# Thu abnormally heavy impulse demands 
the TAGS woro primarily attributable to problems encountered 
early phases of tho mission with tho meteoroid shield., Inter 
with tho rate gyroscopes., tile Control Moment Gyroscope (CMu) 
failuto, and finally with- iucroasod maneuvering requirements 
Ccom-iho Comet Kahdutak.j^qmrlmunta# 


total impulse 
-sec), 
expended 
"worst ease" 
required of 
during tho 
problems 

number ono 

resulting 


The performance of the TACS met Or exceeded flight design requirements. 
There was no indication of a propellant leak, and no hardware anomolies 
ware detected throughout _the 9-month flight# 
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1. INTRODUCTION 

The Thruster Attitude Centre! System (TAGS) In a cold Ran (Nj>) 
propulsion system designed to provide attitude control- of the Sky lab 
Cluster during launch vehlclo separation, Command and Service Module (GSM) 
docking, and for maneuvering the vehicle during certain experiments such os 
the Barth Resources Experiment Package (EREP) and Comet Kohoutok viewing 
periods*. The system oporatos- in a blowdown modo with the thrust varying 
f*om 444.8 N (100 lbf) to 44. S N-(1Q lb£) over tho op 0 rating_proflfluto 
range. 

this report dotalls the preflight activities and the mission support 
effort. The mission support and evaluation efforts are given the primary 
emphasis. Section 2. contains a description of the TAGS and documents 
the problem areas and their, solutions during tho development test program, 
qualification test program, and flight checkout tasting. The mission support 
effort is documented in Section 3. Section 4. contains the detailed flight 
evaluation of the TAGS utilising real-time flight data. 



( 
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2. THRUSTER ATTITUDE CONTROL SYSTEM- DESCRIPTION- AND PREM188XON ACTIVITY 

A description of the TAGS with detailed Information on each component 
18 presented In thle section, Thla description la doUgnod to hfiqualnt 
thc P reader with the capabilltioa and operational jhAraatariaties < 
system. The prof light teat and chaekout hiatory la praoontod for the- TAGS 
development | qualification, and chockout tost progromo. 

2,1 SYSTEM DESCRIPTION 

A schematic representation of the TAGS is presented in ®*^8 u te 1, The 
location of the ays tom on the Skylab spacecraft and the mounting of key 
components are shown in Figures 2, 3, and 4. The detailed operating 
Characteristics of each component described below ere presented It 
Appendix A, 

Tim, at, 24 propellant control velvet (Wb>- ‘ : to - 

four pat thrueter manifolded together to tto- 13 « sa. ^M-pata .lal tadundt^ey. 
The solenoid actuated, pneumAtically-opm-ciea valve contains a small pilot 
^ppet iStegral and cJaltial with the «uun poppet. The pilot poppat controls 
pressure forces that. open the main poppet. The-pilot poppet and P PP 
are linked mechanically sb that energizing the aolenoldcoil opens the 
valve against the springs at low supply pressures. When the solenoid is 
deenergized, both puppets are pressure-unbalanced closed to ensure leak 
tight sealing. 

The six thruster nozzles (Figure 6) have 50tl expa^lon ratios and 
hell-shaped expansion contours. These features were select ed to 
specific impulse while confining the exhaust plume to 

on the vehicle aft ekirt. An impingement shield is provided to eliminate 
unbalanced forces on the vehicle caused by plume impingement ott aft ski 
structural elements. 

The 22 N? supply storage spheres (Figure 7) in the system are 
same design as those used in the S-IVB ambient He re JJJg* gj 
Thev are constructed of welded titanium hemispheres, and are qualified 
for operating pressures up to 2.206 x 10* N/m* (3200 psig). The storage 
spheres are loaded through a self-sealing disconnect 8) mounted 

at the vehicle skin. The disconnect was hard-capped prior to launch to 
provide redundant sealing protection against gas-leakage , 

Tlte propellant euppl* and distribution aysten la Induction braeed at 
all tubing connect point, (Figure 9) to minimise Isa^e. 
induction brazing provided a lightweight leakproof joint. A modification 
SfSStalSTaSJS of each aphere and the addition of . 

(Finute 10) provide the capability of M in-place brazing of the supply 
feed line to the distribution manifold and the sphere temperature 
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instrumantation* The prupellunt cUnurlbutlon system includes 24 flexible 
"? ta * fU5tttiana (Figure ll) to provide for relative motion between 

tlon ^n!i 0 ir Un ff d- f hrUater , rart ? ula panolfl and th0 harU runted diatribu- 
i^' e tw ° aupply lino filfcora (Figure 12) located nt the 
Inlet to each duster of three modules utilise a multilayer otched-dlak— 
construction to provldo a 10-mlcron^ nominal filtering capabi lity. 

h,^^ ln f trUm °m tation was providdd system loading, checkout, and flight 
monitoring . Two pressure transducers (figure 13) located on the diatribu- 
ion manifold were provided to monitor system pressure, A third pressure 
tuS^Ti provided for ground monitoring but not used during P the 

80 hSr«a J^iir iperat I| r,S trart8dacer8 (Figure 14) located in six storage 
e ? ually s P ac e d on the aft vehicle support structure were provided 

L d lllZTaTluTZT t ? Ulk 8 f & ? Qmperatur<i « A temperature transducer 
was located at the inlet to each cluster of three modules at Position 

planes 1 and 111. Six pressure switches (figure 15), one fo/dacli thruster 
previded— a positive indication of thruster firings, * 


2,2 P RE FLIGHT TEST AND CHECKOUT. HISTORY 

The TACS. was certified- for flight after successful completion of 
development, qualification, and checkout test programs. This effort ineludec 

*S?%£3 m t *T 0£ tlB “ d control vat“? tha“ 
ioltu 8 Ln i ™nif„M?„ m ^ dr ? ln Ji “ 00 " ni!ot . <*• storage sphere, the bimetal 
■J 77u the numifoldin 8» the temperature transducer, the pressure transducer 
and the pressure switch. The primary test objectives, mOjor ^SblSTlSS * 
and Solutions are summarized in this section, * 


2.2.1 


Thruster Module Assembly Development and Qualification Test Programs 


, .f eV !t lopment test P ro S ram, ~ The purpose of the development test ore cram 
for the thruster module assembly was to evaluate and establish a DroductiAn 
configuration for the TAOS aolanoid valve. The d“elop^„t val«a «re 

factional V f V °’ d “ al al,d moduie levels to ovaluata the valvea' 

° na i» performance, and dynamic characteristics at various envitou-. 
mental and system operating Conditions. 

i S !? V ? r ? 1 diff ® r6nt main poppet seal materials and configurations were 
evaluated in the initial phase of testing. The configuration that 
demonstrated minimum leakage rates over the operating pressure range was 
a conical poppet with a conical sealing surface using DuPont’s ’’Vespel" 
as the seal material. Also, the preload on the main poppet springs^as 
increased and all machined parts were chemically deburred to further 
enhance the leakage characteristics. 

Testing of this configuration revealed that the upstream valves did 
not seal effectively with a high inlet pressure and low AP across the 
valve. All valves exhibited sufficient sealing characteristics at moderate 
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or high AP with rah trapped downstream of the valves and were leak tight 
at all inlet pressures with ambient downstream -pressure, The problem 
was solved by maintaining the proper AP across each upstream valve during 
operation. This was accomplished by removal of the £ener diode in the 
valve's voltage suppression clr-cult which increased the closing time of 
the downstream valve, thus lowering the trapped pressure between the valves. 

During high temperature testing, electrical shorts developed la- the 
magnum solenoid coll wire. This was corrected by changing the coll, wire 
to constantan and changing the insulation from teflon to polyimldo. Also, 
this wire was wrapped on an aluminum spool, and the entire assembly was 
potted to provide greater heat— dissipation, 

A problum- with bent plungur flanges was Identified in the downstream 
valves. Analysis revealed that pressure surges from the upstroam valves 
caused the plunger flange to impact the orifice plate, thus yielding the 
plunger- flaugo. This resulted in slow pneumatic response within the 
valve. A main poppet stop was incorporated in all production valves which 
precluded impact of the plunger flange with tha orifice plate. 

Testing also revealed the existence of a leak path, behind the lip seal 
retainer which tended to slow the valve's opening response. The cause of 
the problem was associated with gas leakage into the solenoid chamber. 

A "Vespel" static seal was added behind the lip seal retainer*. Also, the 
plunger vent holes were increased from two to four, and microlube lubricant 
was applied to the lip seal to further enhance the response characteristics 
of the valve. 

Loss of voltage suppression was encountered during testing which 
was associated with failure of the diodes in the voltage suppression 
circuit. This was solved by changing to high reliability diodes from a 
hew supplier. 

During vibration tests of a module assembly it was determined that 
the valve main poppets were experiencing high dynamic loads and were 
actually unseating (chattering) at a frequency which might cause damage to 
the poppet seals and seats. To reduce the loads on the valve poppets during 
vibration, "shock" mounts were installed between the thruster valve panels 
and the vehicle aft skirt. Because the -"shock" mounting introduced more 
degrees of freedom of movement between the valve panels and the distribution 
manifold, additional flexible metal tubing sections were required. 


Qualification test program.- The purpose of the qualification test 
program for the thruster module assembly was to establish the flight 
worthiness of the solenoid valve, module, and cluster (three modules). 

The pressure switches, temperature transducer, filter, flexible metal tubes, 
and manifold were included in the test specimen. 


la 


During prequnii fiction production accoptance teats at- the module 
XovoX | an upatraam vulva dovoiopod a blowing leakage. dubaaquent die- 
aaaambiy revealed that the main poppet aoai waa fragmented with large 
aegmanta miaaing. Extensive teata at aimuiated production acceptance teat 
conditiona revealed that the valve failure waa due to an incorrect tent 
setup. The inlet manifold waa improperly a iced pausing a high reverno 
AP condition to oxiat acroan the upntream valve, thua failing the aonl 
undot severe backflow conditiona. Thin aenaitlvity to backflow wad 
recognized, and all nubnequent test and operating procedures wore reviewed 
and rewritten ua required to onoure that no valve wad subjected to possible 
reverse flow conditions. 

During vibration testing of the inlet manifold installation, consisting 
of tliQ filter and one flexible- tube assembly mounted on a— section of tho 
aft skirt, tho clamp that mounted the filter to the skirt yielded . The 
clamps were redesigned and the tests repoated. The specimen successfully met 
tho qualification requiroments with an additional tube clamp between tho 
fill line and- thruster manifold and the addition of doublers to tho filter 
support bracket. Post-vibration tests revealed that the filter: would not 
meet imposed cleanliness requirements. The cleanliness requirements were 
waived and no further, action was taken because the flight filters had 
been installed, and each valve contained an integral filtor capable of 
providing protection- from the amount of contaminants that would bo rolcaaed 
by the filter. 

Qualification testing of the thruster module assembly (three modules) 
consisted of proof, leakage, functional, vibration, ordnance shock., duty 
cycling, continuous duty, thermal vacuum environment, electrical, and 
nozzle cover blow-off tests. At the beginning of the test program, mis- 
handling caused the module inlet temperature transducer to become inoperative, 
thus necessitating the qualification of this component under a separate test 
program. All pressure switches used in the test specimen failed at various 
times in the program. The cause of failure was determined to be diaphragm 
fatigue in- all cases. Further qualification testing occurred in a separate 
test program. During high temperature functional testing and prior to 
vibration tests, a downstream valve developed a blowing leak. The cause of 
the severe leakage was determined to be a fragmented seal with similar 
characteristics to the earlier failure in the module production acceptance 
tests. Extensive testing and analytical investigation did not reveal the 
exact cause of failure. The most probable cause of the failure was attributed 
to a reduction in impact and fatigue resistance of the seal, material, resulting 
from the assembly stress condition which varies randomly with material 
strength properties, manufacturing tolerances, and flow forces. The valve 
wes replaced and all testing was successfully completed. 

Concurrent with the thruster module assembly qualification tests, 
additional test programs were performed to investigate lip seal installation 
on valve operating characteristics, to evaluate and identify environmental 
and operational conditions which might contribute to or cause the seal to 
fail, to establish confidence in the production seal configuration, and to 
develop and evaluate backup seal configurations for use if the production 
seal configuration had been assessed unsatisfactory for flight. 
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The extensive seal failure testing did not identify any specific 
factors which caused the. seals to fail# Increased confidence- was gained 
in the production seal configuration- for flight from this test program. 

A backup sod! was developed and tested but Was nor implemented into the 
production valve program because it did not offer any known advantage 
over tne production configuration seal. 

Because of the difficulties experienced with qualifying the pressure 
switch and temperature transducer in the thruster modulo assembly qualifi- 
cation-tost, program, these items wore qualified at the Component level 
in u separate tost program. Both components were subjected to proof, 
leakage-, functional, vibration, shock, burst, and cycle testing. 

Prior to the qualification of the temperature transducer at the eompo* 
nertt level during checkout of the flight TAC8, one of the modulo inlot 
temperature transducers was found to have on out of specification leak 
from a weld joint. The magnitude of the leak did not Warrant removal Of 
the transducer; however, a stainless steel u clamslvell Hr doubler (Figure 16) 
was epoxy bonded over the body of all the transducers to preclude further 
leakage of this type, the temperature transducer with the "clamshell" 
doubler attached to it completed all qualification testing with no 
anomalies or deviations from the requirements. 

In the. qualification test program the pressure switch failed to actuate 
during the post-vibration cycle life test. The cause of failure was 
determined to be a fatigue rupture of the stainless steel diaphragm. An 
evaluation test program was performed using pressure switches with Kapton 
diaphragms and production flight pressure switches with stainless steel 
diaphragms. The results of this program indicated that the Kapton 
material has a greater cycle life capability than the stainless steel 
material. However, because of cost and schedule impacts resulting from 
changing the diaphragm material and more realistic assessment of mission 
cycle life requirements, the production pressure switch was considered 
qualified at a reduced number of cycles. Also, the pressure switch talk- 
back parameters were not critical to mission success and the nominal 
mission cycle prediction was less than the demonstrated cycle life of the 
production units. 


2.2.2 Pressure Sphere Assembly Development and Qualification Test Programs 


Development test program.- The only component in the pressure sphere 
assembly requiring development testing was the bimetal joint. The purpose 
of the development test progrsm was to verify the capability of the design 
configuration to meet the Skylab mission environment and operating require- 
ments. Specific areas investigated were the redundancy of the joint, 
pressure and load capabilities, weld joint and sphere neck configuration, 
and tooling and welding procedures. Six test specimens were successfully 
tested to demonstrate the acceptability of the bimetal joint configuration 
for production and flight usage. 
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Qualification test program.- The purpose of the pressure sphere 
assembly qualification program was to qualify the pressure sphere installa- 
tion for.Skylab usage. The teat Specimen Included a pressure sphere 
assembly with tempurature transducer, bimetal Joint, and a Segment of the — 
thrust structure. The hardware wos qualified without any problems. 


2.2,3 Flight System- Checkout Tests 

The flight chackout tests of the TACS were accomplished at Kennedy 
Space Center (KSC). Two relatively minor anomalies were noted during 
checkout testing. One of the sphere mounted temperature transducers failed 
to meet the specification leakage rate requirements when checked with a 
mass spectrometer operating in the vacuum-mode. The magnitude of the 
leak did not justify removal of the transducer from the system. Extensive 
tests were performed to quantify the maximum leakage rate possible through 
existing leak paths to ensure flight worthiness. The results of the tests 
and the magnitude of the flight transducer leakage indicated that this leakage 
would not be detrimental to the mission, and no further action was required. 

During component inspection of backup vehicle hardware, the pressure 
switches were found to be contaminated with mercury. It was postulated 
that the flight vehicle pressure switches were also contaminated. Since 
mercury forms an amalgam -with gold, which is used in the braze alloy 
material, the possibility existed that the structural integrity of the . .. 
system might be compromised. To preclude loss of structural strength, 
Clamshell. doubler assemblies were epoxy bonded over most of the braze 
fittings in the areaa adjacent to the pressure switches* One fitting at 
each thruster location was inaccessible for retrofit. Also, extensive 
tests were performed to evaluate the effect mercury contamination has on 
the properties of the braze alloy used. The tests did not reveal any 
detrimental short term effect on the strength of the braze fittings. 


23 


3. THRUSTER ATTITUDE CONTROL SYSTEM MISSION SUPPORT EFFORT 


This section describes the mission Support effort relating to TACS 
performance assessment, real-time problem solving, flight anomalies, and 
the daily system evaluation, ’ 


3.1 THRUSTER ATTITUDE CONTROL SYSTEM PERFORMANCE PROGRAM 

This computer program analyzed the performance of the TACS. The 
performance program combines logic, which describes the gas storage and 
elivery parameters, with a thruster performance program to obtain overall 
system performance. Noz 2 le performance parameters evaluated include thrust 
specific impulse, flow rate, thrust coefficient, throat state, and exit 
velocity and state. Also, the system parameters of total impulse and Gtlo 
mass were calculated. Input to the program, consisted of the stored GN? 
pressure and temperature. Pressure loss In transporting the GH 2 from 
storage spheres to the thrusters and storage volume variation with pressure 
were included. 

The thruster performance program, was developed by McDonnell Douglas 
Astronautics Company (MDAC) . A principal feature of this program- is its 
employment of the latest Uational Bureau of Standards (NBS) real gas 
properties for N 2 . An isentropic flow process is used in the single phase 
(superheat) region, and a shift is made to the homogeneous equilibrium 
assumption for expansions below the saturation line. Also, a two-phase 
expansion efficiency factor is used in the two-phase region to account for 
the nonisentropic phase change process. 

A general description of the operation of the TACS performance program 

IS • 

1. For a given (input) storage gas temperature and pressure, the mass 
of gas is calculated, utilizing the real gas equation of state from 

the NBS real gas properties for N 2 . 

2. A conversion to a selected base storage gas temperature is performed 
holding mass constant, thus providing a constant base temperature for all 
performance calculations. 

3. Small pressure increments are selected according to the base 
thermodynamic state calculated in No. 2. 

4. Thruster performance and system mass calculations are made for 
each pressure increment, beginning with no pressure and ending at the base 
thermodynamic state. Total impulse increments are obtained by multiplying 
average specific impulse by the mass increment, and a summed total is 
maintained for each pressure level* 
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5. Thu system performance parameters are print ed at each pruHHuru 
level. These results provide a history of total Impulse und thruHtor 
performance as mans It. expended from tin) base thermodynamic state uuluilat. d 

In No. 2. 

Typical performance curves that were generated using thin progrott are 
presented in Figures 17, IS, 19, and 20. 


3.2 SPECIFIC IMPULSE PERFORMANCE VERIFICATION 

Preflight predictions of Hpecific Impulse were based on a detailed 
analysis of^real gas effects on the UN 2 expansion in the thruster nozzle. 

The amilysis could not be verified since there were no data available from 
this program or other sources to determine the effect on performance of 
condensation in the nozzle. 

During the mission, detailed analyses of the flight waniitum data 
were performed to get an empirical assessment of the specific impulse 
performance. The data analyzed were limited to CMC reset maneuvers with 
no data dropouts. It was believed that this was the only situation in 
which the impulse imparted to the cluster could be determined accurately. 

Ten reset maneuvers were found to be usable for this analysis. 

The first eight reset maneuvers analyzed occurred during the SL* 2 
manned mission. The results for these cases indicated that the < JPP^-*'t 
specific impulse was significantly higher than had been Predicted at th. 
measured module inlet temperatures. Even with the estimated error ban 
of over 10 percent for each point (caused by effects of gravity Sclent 
torques, rate gyro inaccuracies* data sampling intervals and resolution, 
uncertainties in cluster mass properties, and mass fiow rate), the 
specific impulse data for some cases fell above the maximum preflight 

predictions* 

Another analysis of apparent specific impulse was performed using 
data from the SL-3 manned mission. Flight momentum data for two reset 
tmmeuvers involving 80 firings were used along with thruster flow rate 
data from qualification testing. The results of this analysis indicate 
that the average specific impulse was 2 percent higher than the nominal 
preflight predictions on the hot side of the vehicle and 7 percent higher 
on the 8 cold side of the vehicle, based on a 70 percent two -phase efficiency 
factor. The estimated accuracy of the results is +b percent. It is 
believed that this analysis is more accurate than the previous one because 
of the increased performance stability of the astronaut installed six pack 
rate gyro assembly during the SL-3 manned mission, based on these results, 
use o f^the nominal preflight specific impulse predictions was continued tor 
the duration of the mission. 
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3.3 SOLENOID VALVE COMPUTER MODEL 

During development tenting of the thruster module assembly, analysis 
of the test data revealed that when four valves were operated in tlie 
floriOH parallel configuration, Che opening response of the downstream 
valves was erratic (ace paragraph 2.2,1), The Identical behavior waa 
observed for two valvea in aeries, but not in single- valve operation. 
Therefore, a dutalled computer, modeling effort for the four-valve 
configuration wat; Initialed* 

Two potential causea of the problem were identified: bending of the 

plunger flange and leakage behind the lip seal retainer. The computer 
model verified that either of these mechanisms could lead to tho anomalous 
response behavior and that an empirical, solution discovered in testing 
(delaying tho opening of the upstream valve relative to the downstream) 
would tend to eliminate the problem. 

The computer model simulated the electrical, mechanical, pneumatic, 
and body forces acting on the moving parts of each valve. Real gas 
properties were included in determining tlui flow rates and pressures in 
the various valve compartments; and nonlinear effects of electromagnetic 
losses, back. EMF, and hysteresis were included in- the electrical portion . 

of the model. The mechanical portion of the mode] included- the effect 

of external acceleration loads as well as sliding friction- forces 
affecting the motion of the valve parts. An algorithm monitored and 
controlled the mechanical motion of the three mechanical parts to keep the 
motion of these parts within specified design travel limits. Surface 
coefficients of restitution for hard and soft surfaces were included^— 
to simulate the dynamics of impacting valve parts . 

The input routine was set up to permit investigation of the sensitivity 
of valve performance to dimensions (flow passages, solenoid air gap, etc.); 
operating conditions (pressure, temperature, voltage, etc.); and other 
variables such as friction coefficients. Selected output variables, 
including pressures and currents, were plotted by the computer and used 
for comparison with available test data. Other variables, including valve 
stroke and valve forces, were output to give the designer a better under- 
standing of the current signature traces. Comparison, of test data with the 
computer program output verified the program's effectiveness to predict 
valve performance and operation. 


3.4 THERMAL ANALYSIS UPDATE 

TAOS hardware was designed and qualified for a maximum temperature 
of 347 °K (165 °F). Since the solenoid control valves were critical to 
system operation, valve performance or anything that might affect performance 
was closely monitored. Analysis of flight data obtained during the SL-2 
manned mission indicated that the valves at Position Plane I had reached 
their maximum qualification test levels during a high beta angle period. 

The premission thermal analysis had not predicted such an occurrence and, 
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therefore, an investigation was -initiated to determine the cause of the 
difference between the analytical and actual temperature values* Correlation 
between the flight data and the analytical prediction wafl obtained by 
assuming that- the aft skirt white paint solar absorptivity, « fl , was degraded 
by retrorocket plume contamination* By varying ct 8 from a design value of 

o an< * Ufl ^ n 8 an actual waste tank temperature value of 
322 K (120 -P) rather than the original prediction of 300 8 K (80 °P), 
the thermal model, predictions agreed Closely with the actual valve modulo 
temporaturos. Photographs of the aft skirt area obtained by the first 
crCw further verified the optical degradation of these surfaces* The 
increased a 8 had resulted in higher temperatures than originally predicted. 

Based on the above flight data correlations, prodictions for the 
third, and final manned mission. (SL-4) indicated that the qualification 
maximum temperatures would be exceeded during the orbits where the vehicle 
was continuously exposed to the sun during the periods of minimum beta 
angle-*. This could be caused by t increased solar intensity in the 
November-Jdnuary period as the earth- approached and. receded from perihelion 
attd by further degradation of the solar absorptivity t a St as the sun 
exposure time increased. A worst case temperature of 36$ °K (204 -°P) was- 
predicted for the negative beta angle periods* Maximum, minimum, and 
nominal thermal predictions for the third manned mission time. period_are 
shown- in Figure 21. Actual flight temperature data are also plotted for 
the Position Plane I module inlet. The maximum temperature actually 
observed was approximately 353 °K (175 °F) , indicating that the paint did 
not degrade as much as assumed in the worst case prediction. 


3.5 Solenoid valve thermal test- program.- 

M analysis of the basic valve design was performed to assess the 
valve s capability to withstand the high temperatures predicted- for the 
final manned mission (see paragraph 3.4-). The analysis included evaluation 
of clearances between moving parts, electrical characteristics material 
properties of the valve Components, and areas of concern relative to valve 
operation at elevated temperatures. Although the analysis did not reveal 
any definite problems, the interaction of individually insignificant 
geometric changes in the valve was considered to have potential effects 
which might adversely affect valve operation. As a result, a test program 
was initiated to verify valve operational integrity at elevated temperatures. 

The objective of the test program was to determine the effects of the 
elevated temperatures on valve response times and leakage characteristics 
at environmental conditions predicted for the SL-4 manned mission maximum 
heat flux periods. Tests were performed on a thruster module assembly at 
room temperature to establish a base line with which to compare test results 
from other test phases. The tests performed were electrical, proof pressure, 
external leakage, response at three pressure levels and nominal operating 
voltage, and internal leakage prior to and after each response teat for each 
pressure level. 


Temperature 



Temperature, 
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High temperature tenting wan conducted which coneieted of Honking the 
thrunter moduie at approximately 369 °K (205 °F) for 2d bourn with 
9.653 x IQ N/nt (1400 pnig) iniet prenaure. During the soak period the 
vaivoa were cycled to determine their renponfie chnrncteriHt1e.H ( and internal 
leakage meaflurementn were taken prior to and after each specified number 
of cycles. After the cycling and soak test wan completed, tests wore 
performed at room temperature to provide data far comparison with the base 
line data. 

Additional high temperature soak tests wore performed at approximately 
369 8 K (205 e F) and a module inlot pressure of 2,068 x 10 r ’ N/m 2 (300 pflig) 
to simulate maximum temperature and minimum pressure conditions that might 
exist near the end of the mission. This test was also followed by room 
temperature cheeks for baso line comparison purposes. 

Extensive analysis of the test data indicated that the thruster modulo 
assembly performed normally throughout all phases of the testing. Internal 
leakage measurement results obtained during the test program were within 
specification requirements. The response characteristics of each- valve at 
high temperatures were comparable to those observed in the room, temperature 
and initial qualification test program high temperature testing. All the • • 
electrical attd pneumatic response characteristics were within specification 
requirements. In view of the expedient test facility thermal control method 
employed, the actuaiL temperature of each valve ranged from 366 °K (200 °F) 
to 378 °K (220 °F) , One noteworthy observation was current fluctuations 
that were recorded during both room temperature and high temperature 
testing. Similar anomalies were also observed during the initial qualifica- 
tion testing. Based on an analysis of the data, the current fluctuations 
were not related to the thermal conditions. The rapid current change 
indicates that the valve poppet moved toward the closed position momentarily 
and then returned to a full open position. This movement of the valVe 
pOppet did not manifest itself in a change in thruster chamber pressure,., 
and consequently module performance was unaffected. 


3.6 ALTERNATIVES TO PRECLUDE SOLENOID VALVE THERMAL PROBLEMS 

Concurrent with .he TACS valve thermal test program which is discussed 
in paragraph 3.5, a study of options or means for avoiding the high valve 
temperatures was initiated. The objective of the study was to establish 
the most feasible means to protect the valves from high temperature exposure 
in the event the valve testing revealed that temperature related problems 
existed. The options were divided into those which avoided the use of the 
valves during the high temperature periods and those which reduced the 
valve temperature. The options are summarized in the following paragraphs . 

Based on a November 11 SL-4 launch date, and assuming that the Attitude 
and Pointing Control System (APCS) was operating properly, the TACS was 
only needed for CMC momentum relief. Operational failure modes could be 
avoided by inhibiting the thruster System during the high temperature 
periods. This plan could have impacted nominal flight plan activities by 
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ulimihnting maneuvers out of solar inertial, eliminating Extravehicular 
Activity (KVA) and minimising vent disturbances and momentum dump inhibits, 
because the thruster- system would be required for docking, Inhibiting the 
thrusters during the high temperature period would necessitate a launch 
delay until more acceptable conditions Were present. Thus a launch delay 
was a possible option, 

if testing revealed a high temperature failure could occur, oven if 
nhe valves were not operated-, several methods of thermal shielding were 
investigated. Throe of these methods Involved tho crew physically 
modifying the structure around tho Position- Plane 1 thruster nozzles. The 
necessary hardware and procedures would have boon developed on tho ground 
and flown up with the crow. Theso options wore* 

1. A sheet metal shield which would be attached to the aft skirt 
around the thruster valves. Weight and volume for- CSM stowage were 
disadvantages, 

2. Application of a thermal paint using either an aerosol cart, brush, 
or cloth. Technique of application was the biggest disadvantage, 

3. Application of aluminized tape to the aft skirt area around the 
valves. Adhering characteristics were unknown. 

Two other concepts were suggested. The first was to control valve 
temperature to an acceptable level by maintaining a- pitch attitude similar 
to that used during SL-1. This method would impact system usage for CMG 
momentum relief and die temperature of other duster components. The 
final concept relied on the use of the Ng gas supply to cool the hot valves. 
Since the average bulk gas temperature would be about 294 °K (70 °F) at 
minimum beta angles, a series of pulses- generated by commanding small 
attitude maneuvers would allow this relatively cool gas to lower the valve 
temperature. High gas usage was a major concern with this method. 

Of all the alternatives considered, the installation of the sheet 
metal heat shield by the crew appeared to be the best • However , following 
completion of the valve high temperature testing, a detailed review of 
data showed no indication of abnormal system performance. Consequently, 
no hardware or mission changes were made, and the TACS completed the 
Sky lab program successfully. 


3.7 SUPPLEMENTAL SYSTEMS STUDIES 

The excessively high consumption of TACS propellant, GN;j , during the 
early part of the Skylab mission, prompted the initiation of studies of 
methods for either resupplying or supplementing the cold gas system. 

Various concepts were evaluated in an effort to determine the most feasible 
method of resupply /supplement. Certain candidate concepts, which are 
listed below, required extensive EVA and additional systems and component 
hardware to be carried up in subsequent Skylab launches* 
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Method 1 «= Garry up a resupply module on BL”4, transfer modulo to 
Orbital Workshop (QWS) oft skirt and connect to tho TAGS fill line. 

Method 2 » Garry up a resupply module on SL-4, leave module In GBM, 
and connect to TAGS fill line using a long high proonure hose. 

Mothod 3 - Connect onboard experiment gas (GN,) tanks on Alflodk 
Modulo (AM) to TAGS using a long high pressure hose. 

Method 4 - Sumo as Methods l, 2, or 3 except hoso would bo eoftnoctod 
to the pitch thruster, and gas backf lowed through the thruster valvoo. 

Method 5 - Same us Method 3 except onboard GN;> from AH tanks would be 

used. 


Method 6 - Install an. adjustable thruster In the -Z axis Scientific 
Airlock (SAL) and utilize or N 2 from AM tanks. 

Method 7 - Load additional propellants and use the CSM attitude 
control propulsion system as a supplemental OWS attitude control system. 

Method 8 - Carry up an N 2 resupply in a cryogenic state and Include 
systems for gasifying and transferring to the TACS. 

Method 6 was selected as the best concept for supplementation based 
primarily ons use of excess onboard consumables, no requirement for EVA, 
minimum hardware requirements, and minimal crew training and installation 
time. 


Initially, the thruster assembly design included provisions for use 
of both 0 2 and N 2 gas supplies located in the AM. Further detailed 
analysis of the design revealed potential problems associated with com- 
patibility of certain lubricants and seal materials with the 0 2 . As a 
result, subsequent design and test activities concentrated on the N 2 
system. 

The maximum total impulse .'ud thrust level obtainable with the SAL 
thruster assembly was 151,240 N-sec (34,000 lbf— sec) and 53.4 N (12 lbf), 
respectively. Using a rotatable thruster concept, the thruster assembly 
could be used to supplement the TACS during the EREF experiments and for 
desaturating the CMG's in attitudes where the gravity gradient dump 
scheme was not available. 

4 

The thruster assembly and the installation through the SAL are shown 
in Figure 22, which depicts the major components of the system. Maximum 
utilization of onboard hardware is illustrated in that only the thruster, 
valve assembly, boom assembly, and certain quick disconnects were to be 
carried up. All other hardware including the N 2 supply unit, experiment 
canister, and the water hose Were onboard the OWS. 
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Operation ol the thruster assembly would require manual actuation of 
the valve by tlio uatronaul for a predetermined period of time, depending 
on the impulse requirement . A dink Indicator permitted orientation of the 
nozzle to the deni red angular poult Ion to provide uncoupled torquea about 
the roll, pitch, and yaw axon. Installation of the thruster assembly used 
procedures similur to those required for an onboard experiment. 

Verification testing of the hardware Included performance acceptance 
testing ol the valve and the thruster assembly, 0 ; > compatibility, and 
ubricant tests. The hand operated ball valve was identical to that used 
onboard the OWS in the fecal dryer system. The higher operating pressure 
and increased cycle requirements for the thruster assembly application of 
ic va vc required that proof, leak, functional, cycle life, and burst 
tests be conducted to verify the valve integrity. 

Mockup hardware was- delivered to Johnson Space Center (JSC) for use 
in crew training exercises and flight hardware was delivered to KSC prior 
to the SL-3 launch. A systems status assessment of the APCS prior to the 
launch, and the more urgent need for other hardware items to be supplied 
to the workshop resulted in a decision not to use the SAL thruster 
assembly during the remainder of the Skylab mission. 


3.8 MISSION SUPPORT 

The Mission Support Team for the TACS manned the Huntsville Operations 
Support Center (HOSC) 24 hours per day, 7 days per week during SL-1, SL-2, 
SL-i, and SL-4. For the unmanned missions on-call personnel were available 
24 hours per day, 7 days per week. A daily status report was submitted 
every day of the missiou from the launch of the Skylab Cluster to completion 
of the APCS engineering tests at the end of the mission. With the 

f he SL " 1 and SL “ 2 missions, each status report was coordinated 
with JSC mission support personnel whenever the system was active. 

Prior to the Skylab mission, the performance of the TACS was analyzed 
and the curves were generated using the GN ; , performance computer program 
(see paragraph 3. i). These curves were used to determine the performance 
ot the system during the mission, using real time telemetry data. 

The JSC TACS consumable status was generated by a Hewlett-Packard 
computer program using real time data. The program's performance equations 
were mathematical curve fits of the performance curves generated at the 

^ 1 f‘?JV P u Ce / U8ht Co V tur (MSFC > P rior to atari of the mission. The 
Hewlett-1 ackard computer's limited data storage capability required the 

use of compact equations. One obvious disadvantage of this method of 
computing the system status is the error introduced by use of the curve 
tit equations; however, the error was normally less than 3 percent. 

Two methods were used to estimate total impulse remaining. One method 
was based on GN.. mass calculations using telemetry real time data. Basically 
this method employed the curves generated from the ON., performance computer * 
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' u . ,,l . mny wmul »’w»|H«U»r program 10 caJenlate moon amt totaJ- 
1 ,m tomalning at appropriate I lutes during t ho mission, The latter 
uppto.teh wan the moat accurate method to determine system status. Tlu* 
otlior method tit 1 .1 1 su’d tlu- minimum Impulse bit (Mill) ami waa vorv useful 
' ek * ‘^orwtnation «4 Impulse usage. This method waa baa, -a on 
stlnwiting tin* total impulse- per thruster tiring and roult tplylim tltla by 

: °* 1 hln « H * Tlu ' u, ‘« l P *'«• tiring waa eali-ulated by the 


*T 


F (t 


+ At) 


whore 


“ total impulse 
b avg " average tlu nut 

t « command pulse width 

At “ time factor added to account for thrum tailotf. 


n , K M| U r? t iOVOi WaH di!U '“" tn0tl ,vom tlu ' performance curves as a tunction 
ot t light system pressure and average module inlet temperature. The 
command, pulse width was changed periodically as a funct ion ol the MiB 
required. The thrust- tailot f time was varied from 25 to 10 msec durian- tlu 

- i— L " *»» iU - Lom P L to provide better correlation between 

the MIB arid mass methods of calculating totaL impulse remaining. Comparison 
impulse remaining values computed near the end of the mission by 
the different methods indicated that a 15 msec tailotf factor more Closely 
approximated the actual impulse expended* 


Several problems were encountered during the mission support phase. 

One problem was the instrumentation transducer noise (see paragraph 3-. 9) 

,ou,M° C n Ur r d dUr1 ? 8 T UOi: mLHHloU8 ‘ Thu « ol «« wa « «i a sufficient random 
natuie that averaging large numbers of data points created no difficulties, 

and the results were consistent enough to In- beneficial. A second problem 

Ho VrT 1 ? XC ° riB m<U<H Consu Jnpt ion when performing mass calculations 
immediately alter large system usage. The indicated mass of UN, remaining 
tended to increase with time until a stable condition was reached and 
i e pea table results obtained. This phenomenon was associated with the 
existence ot temperature gradients within each sphere (sec paragraph 3.10) 
and was taken into account when applying the mass calculation results 
to system total impulse remaining determinations. Finally, the nonreai 
time data were of limited usefulness to the mission support effort. The 

Ritu Data tape (ADUT) event data (thruster pressure switch actuations) 
weti too noisy to have been of any practical benefit. The Mission 
Operations Planning System (MOPS) stored and processed data In a cent. all v 
located computer which was accessed through remote terminals. During the 
early putt ot Lite mission, these data wore ot limited usefulness because 
they were not usually available or were erroneous. However, during the 
latter part ot the mission the data were more consistently available and 
accurate. In this cast- It -lid provide a meaningful supplement to the 
real time data system. 
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PRESSURE TRANSDUCER NU ISE 


'flu* telemetry system pressure measurements wt'.ro observed to fluctuate) 
by uh raucb an 4.13/ x 10 b N/nv (60 pstn) Juut at tor tlic Sb~3 CSM docking 
on Day of Year (DOY) 209. The fluctuations wore not, noted duriug the 
previous orbital stowage plmao of tlu* mission, Although the measurements 
remained within system tolerances, an invent igat ton wan made to dctorminc - 
the probable cause of t ho nolao. 

Review of data from DOY 208 through DOY 2Lb indicated that the data 
on two different inulLip.Lo.xern and their renpeetive reference channels were 
ntable until the manned phase. When the Sky Lab wan manned, there- was a 
noticeable increase in noise for the subject pressure, measurements and their 
respective multiplexer reference channels. Three other re ferenee channels 
were evaluated and they also showed increased noise content. Since the 
presence of the CSM with its assov »tcd electronic equipment may have 
caused the configuration of the rad^ frequency field to have changed 
following docking, the most probable cause for the fluctuations was that 
the signal lines were experiencing radio frequency interference. 

The fluctuations of both pressure measurements continued throughout 
the. manned phases of the mission. However, accurate mass calculations could 
still be made by averaging many data points to remove the random fluctuations 
caused by the noise. No further investigation or troubleshooting of the 
instrumentation system was necessary. 


3.10 SPHERE TEMPERATURE ANOMALIES 

It was noted during the mission support effort that mass calculations 
did not stabilise until some period of time after large gas usages. After 
equilibrium conditions were restored, the mass calculations yielded 
consistent results. An analysis of flight data was performed to determine 
possible means of eliminating this phenomenon from future missions and to 
evaluate its effect. 

Calculations of the Raleigh Number Indicated conduction to be the 
dominant heat transfer mode in the storage sphere sincu body forces acting 
on the gas were small except for brief periods when gas was being withdrawn. 
In most instances the rate of withdrawal of gas from the spheres and the 
rate of change of the radiation environment were small enough that heat 
transfer by conduction could maintain a state of near equilibrium between 
the gas and the metal sphere. However, during periods of large usage, 
the gas expansion tended to cause the gas to cool faster than the sphere, 
with the result that a nonequilibrium condition existed for some time 
after the usage. During this transient period, large temperature gradients 
could have existed within the gas. 

The sphere temperature transducer Installation was designed to minimize 
the effect of temperature gradients within the sphere by placing the sensing 
element at a point where it would read close to the mean gas temperature in 
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the sphere during the transient period. Since this mean temperature 
point could shift and methods for analysing its location are not very 
accurate , it was to be expected that there would be some error inherent 
in the temperature data during the transient periods. Figures 23 and 24- 
show the approximate magnitude of tills error for a representative gas usage 
period. The temperature during the transient period read higher than it 
should have based on calculations of mass from subsequent equilibrium data. 
This trend was observed— during most periods of high gas usage. Muss 
calculations using pressure and temperature telemetry data performed during 
the transient period yielded erroneous results. These tended to indicate 
a greater mass usage than that calculated from equilibrium data. 

The analysis indicated that the transducer sensing elements should 
have been located slightly farther from the wall to give a better 
estimate of the mean temperature during the transient period* 


3.11 INSTRUMENTATION ERROR ANALYSIS 

During the mission, the TAGS pressure required to provide a minimum 
of 44.5 N (10 lbf) thrust was reassessed. To accomplish this task the 
accuracy of the system instrumentation, including telemetry, had to be 
more realistically determined. 

Prelaunch loading requirements ware based on an instrumentation error 
analysis. Individual instrumentation transducer accuracies (pressure and 
temperature) were obtained from a study which evaluated all onboard and 
ground support equipment components. These accuracies were used to develop 
a fill envelope which guaranteed that the minimum loaded GN;> mass would 
meet all Contract End Item Specification and mission requirements. 

During the mission, available total Impulse remaining was calculated 
using system pressure and bulk gas temperature. The usable total impulse 
was obtained by subtracting an unusable amount from the available 
calculated total impulse. The unusable total impulse was originally 
based on a minimum system pressure required to provide 44.5 N (10 lbf) 
thrust, including instrumentation inaccuracies. 

During the Second manned mission, an analysis was performed to deter- 
mine whether the usable total Impulse could be increased by reducing the 
amount previously considered unusable. The analysis reviewed calibration 
and test data for the specific pressure transducers installed in the flight 
system. A 3-o error band was determined for each transducer and then 
combined with the telemetry system errors to yield a pressure reading 
Inaccuracy of +4.688 x 10 !) N/ra : - (+68 psia). Also the telemetry bit size 
of approximately 1,034 x 10 !> N/m ;> (15 psla) was included. 

Using the results from the above analyses and the requirement to 
provide a minimum thrust level of 44.5 N (10 lbf) for u rescue mission 
docking, the minimum allowable system pressure was lowered from 3,020 x 10'’ 
to 2,530 x 10 (> N/m - ’ (438 to 367 psla). This represented a gain In usable 
total Impulse of 14,283 N-sec (3211 lb-see). 
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Figure 24.- Average System Pressure 
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3.12 THRUST LEVEL-REQUIREMENTS 

Tho preraissioti thrust level requirements for the TAGS are presented 
In Table 1. These requirements imposed a restriction on available TACS 
usable impulse. A system prossurc of 2.53 x 10 11 N/nr (367 psla) Including 
allowance for telemetry and instrumentation inaccuracies (see paragraph 3.1.1) 
was- required to provide a thrust of 44,5- N (10 lbf). Therefore, the total 
impulse remaining in the TACS when the pressure decays below 2.5&.x.JjQ--N/m*' 
(367 psia) is by definition unusable. 

Sinde the potential to gain additional impulse existed by lowering 
the rescue mission thrust level and, therefore, the system pressure,, a 
review of rescue and Other, mission thrust level requirements was initiated- 
during the SL-3 mission. An analysis was performed to evaluate thrust 
level requirements for various mission events utilizing available flight 
and design-data* The results of the analysis shown in Table 2 indidate 
that a rescue mission CSM docking in the radial port would require 44*5 N 
(10 lbf) which would not allow the premission thrust level requirement 
to be lowered. 


Table l,- TAGS PromlHulon Minimum Thrum bevel Requirements 


Mission Events 

Newtons 

Pounds-Force 

Booster Separation Tcans-ients 

222.4 

50 

Each Manned Mission CSM Docking 

89 JO 

20 

From Last Manned Mission Docking 
to End of Mission 

44.5 

10 

Resjcue Mission CSM Docking* 

44.5. 

10 


♦This requirement appended to original premlssion thrust 
requirements. 


Table 2.- TAOS Minimum Thruat Level Requirements Analysis 


Mission Events 

Newtons 

Pounds-Force 

Earth Resources Experiment Pointing* 

8.9 

2 

CMG Reset Maneuver* 

8.9 

2 

Momentum Desaturation Maneuver* 

8.9 

2 

Trim Burn— Four CSM Engines 

89.0 

20 

Trim Burn— Two CSM Engines 

44.5 

10 

Rescue Mission— Nominal End Port 
Docking 

22.2-44.5 

5-10 

Rescue Mission— "Worst Case" Radial 
Port Docking 

44.5 

10 


♦This thrust level is not optimum but is usable. Lower thrust 
levels might be acceptable but were not studied because It 
required rescaling of the simulation. 
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4, THRUSTER ATTITUDE CONTROL SYSTEM DETAILED MISSION EVALUATION 

This section Contains the- detailed flight evaluation of the TAGS, 
The data are presented by mission phuse for SL-1, SL-2, orbital storage, 

orbital atoruge, and 8b~4. Thu data prdnuntoil for thu orbital 

storage phased wore kept at a minimum bucauBd thu TACS wan inactive. 


4.1 FIRST UNMANNED ORBITAL STORAGE PERIOD, SL-1 

The TAOS was pressurized for flight to 2.083 x 10 y N/nr (3021 usia) 
on April 30, 1973, Approximately 647 kg (1426 lbm) of ambiont temperature 
GNi> were lorded. The loading envelope showing the prelaunch temperature 
if? re&aU oe at completion of system pressurization is presented 


The Skyiab- Cluster assembly was placed in earth orbit by a Saturn V 
launch ve’ icle on May 14, 1973. Lift-off occurred at 134:17:30:00 GMT. 
During the boost phase the dual purpose raicrometeoroid/heut shield was 
separated from the vehicle by aerodynamic forces. Also, one of the solar 
array assemblies was severed from the OWS and the other was_pr6vented from 
fully deploying. 


The TACS was activated at 134:17:39:52 GMT, at which time firing 
commands were received from the Launch Vehicle Digital Computer (LVDC) 

ln the f tl8trumeat Unit < r U). The TACS functioned as the primary 
attitude control system until control w-as transferred to the Apollo 
Telescope Mount Digital Computer (ATMDC) at 134:22:20:05 GMT. At this 
time the CMG’s were bpinrting up and had reached 25 percent of nominal 
momentum. The low momentum coupled with excessive rate gyro drift resulted 
in the automatic selection of "TAGS Only" control.. Because the heat shield 

W ?!,®Th 6<1 f 5° m the vellicle * th6 APCS was required to maintain a "thermal 
attitude to keep workshop temperatures within acceptable limits. These 
thermal attitude maneuvers were performed using "TACS Only" control. CMG 
control was enabled with nominal momentum for the first time at 
135:11148:31 GMT. 


The total impulse remaining for this initial unmanned period is 
presented in Figure 26. Large gas consumption on DOY's 134 and 135 resulted 
rom removal of rrbit Insertion transients and operation in a ^TACS Only 1 * 
mode until transfer of control to the CMG’s was effected. The total impulse 
usage rate remained high because the system was required to perform frequent 
CMC resets while maintaining the thermal attitude. A detailed listing of 
TACS usage is presented in Appendix B. 


The system pressure decay and GN,> mass are shown in Figures 27 and 28, 
Both parameters display blowdown characteristics similar to the total impulse 
remaining curve. The thrust level variation for tills phase of the mission 
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iff shown in-Flgure 29 and is compared to the thrust level stored In the 
ATMDC, The variation In MIB (Figure 30) also shown tie times at which the 
ATMDC command pulse width was updated. With the exception of a- brief 
period during DOY 136 and early in the mission when the system pressure 

was high,, the MIB was maintained at approximately 27 N=sOC (6 Ibf-oee) 

for efficient vehicular momentum management. 

Figures 31 and- 32 prosent MIB- and fulL-on firing histories during 
ATMDC control (the firing history whllo-on XU control Was not recorded), 

A full-on firing is defined as a firing of 1 sec command pulse width 
duration. Firings of longer duration are counted as individual 1 sec 
full-on-flrlngs equal to the number of seconds of the firing command. 

The average bulk gas temperature is presented in Figure 33, The 
Overage bulk gas temperature is the arithmetic average of the six 
temperature transducers located in equally spaced otoroge spheres on the 
aft structure. The beta angle variation is shown in Figure 34, Beta 
angle describes the orientation of. the orbital plane with respect to the 
sun vector. Positive values of beta angle are defined as the orientation 
of the Orbital plane whan the apparent orbital rotation of the spacecraft 
is in a clockwise direction when viewed from the Sun. Negative beta- 
angles are- defined by. the apparent orbital rotation of the spacecraft in 
a counterclockwise direction, ' Note that during most of this phase of the 
mission, the average bulk gas temperature does not increase as is expected 
with a decrease in negative beta, angle; this is attributable to cooling of 
the bulk gas after orbitdl insertion. Orbital thermal equilibrium was 
established at approximately DOY 142, thereafter the bulk gas temperature 
responded to the changes in beta angle. 

The module inlet gas temperatures and the average module inlet temper- 
ature are presented in Figure 35. In solar inertial attitude. Module One 
is located on the hot side of the vehicle at Position Plane I and Module Two 
is located on the cold side of the vehicle at Position Plane III. Cooling 
of the hardware and gas occurred at these positions after orbital insertion 
until thermal equilibrium was established. The process was similar to that 
occurring in the storage spheres. 
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tflRSl MANNED— MISSION, SL-2 (28 PAsfS) 


Lirt»off „“ c “ re T“ K, 38 o*r £ Jrf 1 KSC « ». «». 

Skylab Cluster at U 6 i 03-*0 mi dock ° d “ UU tto «“«« 

liliaao of the mission: ono on UOV 158 and oneon DoflSf ^ Crou " 8 thll, n 
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Aiy uupioy, CSM undocking occurred at 173 s 08 t 55 GMT. 
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Figure 39 And is compared to the ^ ral 1 8 4 ion , i8 8hoWn ln 
variation in MIB (Figure 40) also £a11 * iT lu f eA in the A3mc * The 

command pulse width was updated TIh/mtu* 8 the a im ° 8 at whtch the ATMDC 
22 N-sec (5 lbf-sec), S P * lhe MIB WaB maintained at approximately 
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4.3 SECOND UNMANNED ORBITAL STORAGE PERIOD 

The TAGS was inactive throughout the orbital storage period from 
approximately DOY 173 to 209. Consequently, tho total impulse remaining, 
the GN 2 mass, the MIB firings, and the full-on firings were constant* 

The variation in system pressure resulting from changes in bulk gas tem- 
perature with beta angle is shown in Figure 46. 

The beta angle variation and the average system bulk gas temperature 
are shewn, in Figures 47 and 48. Average module inlet temperature and the 
individual module inlet temperatures are shown in Figure 49. 



Figure 46.- 
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4.4 SECOND MANNED MISSION, SL-3 (59 DAYS) 

The second three man crew was launched from KSC on July 28, 1973, 
Lift-off occur-rdd at 209 j 11 j 10 {50 GMT. The CSM achieved final docking 
to the Skylab Cluster at 209:19 {39 GMT. Three EVA’s were performed 
during this mission on DOY's 218, 236, and 265. Crew achievements included 
the deployment of a Sun shield over, the parasol sun shield installed by the 
first crew and the installation of the rate gyro "six pack" ♦ The CSM 
undocked from the Skylab Cluster at 268:19 {49 GMT at the completion of 
this mission. 

The TACS total impulse remaining for this second manned mission is 
presented in- Figure 50. A detailed listing of TACS usage for this time 
period is presented in Appendix B. 

The System pressure decay and GN 2 mass are shown in Figures 51 grid 52. 
The thrust level variation for this phase of the mission is shown in 
Figure 53 and is compared to the thrust level stored in the ATMDC. The 
variation in MIB (Figure 54) also indicates the times at which the ATMDC 
command pulse width was updated. The MIB was maintained at approximately 
22 N-sec (5 lbf-sec). The MIB and full-on firing histories are shown in 
Figures 55 attd 56. 

The average bulk gas temperature is presented in Figure 57. The beta 

angle variation is shown in Figure 58. The module inlet gaS temperatures 
and the average module inlet temperature are presented in Figure 59. 
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4.5 THIRD UNMANNED ORBITAL STORAGE PERIOD 

The TAGS was Inactive throughout, the orbital storage period from 
DOT 268 to 320* The total Impulse remaining, the GN<> mass, the MIB 
firings, and the full-on firings were constant. The variation in system 
pressure resulting from changes in bulk gas temperature with beta angle 
is shown in Figure 60, 

The beta angle variation and the average system bulk gas temperature 
are shown in Figures 61 and 62. Average module inlet temperature and the 
individual module inlet temperatures are shown in Figure 63. 
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Figure 60,- GN2 Pressure, Third Unmanned Phase 
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Figure 61,- Average <2*2 Bulk Gas Temperature, Third Unmanned Phase 



Figure 62,- Beta Angle, Third Unmanned Phase 
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Figure 63,- Module Inlet Temperatures , Third Unmanned Phase 
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4.6 THIRD MANNED MISSION, SL-4 (84 DAYS) 


The third and final three roan crew wad launched from KSC on November 16, 
:? 7 ?\ L , ift-dff occurred at 320:14403 GMT with docking of the CSM to the 
Skylab Cluster, occurring at 320:21 J4L-GMT.. Four EVA’s were performed 
during the mission on DOY's 326, 359, 363, and 034. Comet Kohoutek science 
was added to the mission objectives because the comet perihelion end 
optimum viewing opportunities coincided with, this mission phase . Although 
the Comet Kohoutek science did increase the projected TAGS usage, of more 
significance relative to system usage was the loss of CMG No. 1 on DOY 326. 
The CSM undocked from the Skylab Cluster at 039:10*34 GMT in Year 1974. 

This completed the Skylab planned flight activities. 

The total impulse remaining for this third manned mission is presented 
in Figure 64. A detailed listing of TACS usage for this time period is 
presented in Appendix B* 

The system pressure decay and GN 2 mass are shown, in Figures 65 and 66. 
The thrust level variation for this phase of the mission is shown in 
Figure 67 and is compared to the thrust level stored in the AtMDC. The 
variation ..n MIB (Figure 68) also shows the times at which the ATMDC 
command pulse width was updated. The MIB was maintained at approximately 
22 N-sec (5 lbf-sec), The MIB and full-on firing histories are shown in 
Figures 69 and 70. 

The average bulk gas temperature and the beta angle variation are 
bhOwn in Figures 71 and 72, The module inlet gas temperatures and the 
average module inlet temperature are presented in Figure 73. 
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Figure 68,- Nominal Minimum Impulse Bit, SL-4 
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Figure 73.- Module Inlet Temperatures, SL-4 
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THRUSTER ATTITUDE CONTROL SYSTEM 
COMPONENT OPERATING CHARACTERISTICS 
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APPENDIX B. 

THRUSTER ATTITUDE CONTROL SYSTEM IMPULSE USAGE 
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